Improvement in cognitive function after orthotopic liver transplantation (LT) has been demonstrated in the acute setting immediately after LT and in acute liver failure. However, the longterm changes in cerebral hemodynamics after LT remain unexplored. Therefore, we aimed to evaluate the longterm changes in cerebral hemodynamics of patients with cirrhosis after LT. In this prospective cohort study, we performed transcranial Doppler ultrasonography (TCD) measuring the pulsatility index (PI), resistance index (RI), and breath-holding index (BHI) to evaluate cerebrovascular structural integrity and reactivity, respectively, in both middle cerebral arteries before and after LT. Neuropsychometric tests and West-Haven criteria were used for hepatic encephalopathy (HE) characterization. Interleukin 6 and tumor necrosis factor α plasma levels were measured. Descriptive statistics and Wilcoxon's test were used. There were 27 patients who were included. Median follow-up after LT was 6 months, mean age before LT was 46.3 ± 10.3 years, the main etiology was hepatitis C virus (59%), and most of the patients were Child-Pugh B (15/27). Model for End-Stage Liver Disease (MELD) score was 16 ± 7.5, MELD-Na was 19.3 ± 7.1, Psychometric Hepatic Encephalopathy Score was -3.48 ± 3.66, and critical flicker fusion (CFF) was 40.28 ± 5.70 Hz. Before LT, 17/27 patients had HE and 11/27 ascites. A decrease of 20.8% and 13.5% in PI and RI was observed after LT (P < 0.001, both), together with an increase in BHI (32.4%, P = 0.122). These changes in cerebral hemodynamics paralleled those in systemic inflammation. Clinical improvement in cognition was observed in all patients with overt HE after LT. The most frequent neuropsychiatric complication before LT in cirrhosis is hepatic encephalopathy (HE) with different pathways involved in its pathophysiology, including hyperammonemia, inflammation, oxidative stress, and abnormal cerebral hemodynamics. (2) Macías-rOdríguez et al.
1. Lack of a standardized evaluation before and after LT. 2. The lack of search for manifestations.
No longterm follow-up.
Clinical manifestations are variable and include both minor and major complications such as headache, seizures, central pontine myelinolysis, and cerebrovascular injury. (1) The underlying factors related to these complications include infections, electrolyte disorders (hyponatremia), drug-related damage, and cerebrovascular disease.
The most frequent neuropsychiatric complication before LT in cirrhosis is hepatic encephalopathy (HE) with different pathways involved in its pathophysiology, including hyperammonemia, inflammation, oxidative stress, and abnormal cerebral hemodynamics. (2) Macías-rOdríguez et al. The degree of neurological impairment secondary to HE has been related to poor outcomes after LT both in acute liver failure (3) and in cirrhosis. (4) Some factors exert a negative influence on cerebral hemodynamics in patients with cirrhosis that, in turn, could be related to cerebral hypoperfusion and altered autoregulation of cerebral blood flow. (2) Cerebral hemodynamics depend on systemic arterial pressure, intracranial hypertension, and cerebrovascular resistances among other factors, which can be modified after therapy with diuretics, transjugular intrahepatic portosystemic shunt, and anesthetics as well as changes on acid-base equilibrium and water balance during the LT itself.
Only a few studies have properly addressed the neurological outcome after LT in patients with cirrhosis (5) and the significance of brain lesions such as low-grade cerebral edema, leukoaraiosis, and white matter lesions.
For the characterization of hemodynamic changes in patients with cirrhosis and HE, transcranial Doppler ultrasonography (TCD) has emerged as a useful method for real-time evaluation of middle cerebral artery (MCA) velocities, providing 2 functional indices of cerebral hemodynamics: the pulsatility index (PI), which assesses arteriolar vascular integrity, and the breath-holding index (BHI), a measure of cerebrovascular reactivity evaluating cerebral autoregulation (specifically arteriolar dilation).
Some studies have evaluated the changes that occur in the cerebral blood flow during the acute setting both immediately before and after orthotopic LT. (6) However, data regarding cerebral hemodynamics and its longterm variations are missing. Therefore, the aim of the present study was to evaluate changes in cerebral hemodynamics after LT using TCD ultrasonography in patients with cirrhosis and their longterm outcome.
Patients and Methods
This was a prospective cohort study. It was carried out at a third-level center from March 2012 to September 2015 in Mexico City, Mexico (Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán). The study protocol was approved by the local research committee and the ethics committee of the institution.
The study was designed and conducted according to the principles of the Declaration of Helsinki. Written informed consent was signed by each participant before recruitment. No organs from executed prisoners were used in this study.
inclusiOn OF patients
Patients with cirrhosis enlisted for LT from 18 to 60 years of age were included. The diagnosis was established either with liver biopsy or with the presence of markers of hepatocyte synthetic dysfunction and portal hypertension (esophageal varices on endoscopy, ascites, or compatible features on ultrasonography).
Patients with the following conditions were excluded: metabolic liver disease (hemochromatosis and Wilson's disease), history of cancer, history of stroke, current alcohol intake, use of neuropsychiatric drugs, neuropsychiatric disorders, rotating work shifts, or acute inflammatory response of any origin. The intended schedule of the visits for the post-LT evaluation was at 1, 3, and 6 months.
circulating BiOMarKers
A blood sample was obtained from each patient before and after LT to determine plasma levels of interleukin (IL) 6 and tumor necrosis factor α (TNF-α). The blood drawn was done after an 8-hour fasting period. The sample was centrifuged, and the supernatant was stored at -80°C until biomarker determinations were performed using Biolegend, Inc. (San Diego, CA) kits for enzyme-linked immunosorbent assays, according to the manufacturer's instructions. All tests were run in duplicate.
He screening
Patients were screened for covert hepatic encephalopathy (CHE) or overt hepatic encephalopathy (OHE). OHE was evaluated using the West-Haven criteria.
Original article | 1675 CHE was assessed before LT using the Psychometric Hepatic Encephalopathy Score (PHES) and was defined as PHES <-4 standard deviation (SD). (7) We also recorded critical flicker frequency values using the Hepatonorm Analyzer (R&R Medi-Business Freiburg, Freiburg, Germany). (8) The test was carried out in a quiet room free of distractions. Also, the patients had to be able to read and not have any visual problems. After LT, the clinical evaluation focused on the detection of neurological abnormalities resembling HE, which was performed in all participants.
transcranial dOppler studY
To perform the measurements, the Doppler probe was held in the right temporal region above the zygomatic arch, 1-2 cm anteriorly to the ear; the ultrasound window was located in each patient by searching the region where maximum intensity of the Doppler signals was obtained, corresponding to the blood flow velocities (BFVs) of the MCA. The BFV was measured at rest and after 30 seconds of apnea to induce hypercapnia (BHI). All measurements were performed using a spectral transcranial Doppler (Nicolet Pioneer TC8080, Madison, WI) with a 2-MHz transducer, before and after LT; the detailed method has been previously described and has shown low variability (7%) and high reproducibility for measurements in the MCA. (2) 
statistical analYsis
To evaluate the distribution of the data, the ShapiroWilk test was used. To describe the baseline characteristics and the post-LT characteristics, mean ± SD and median (interquartile range [IQR] ) were used for quantitative data; proportions and relative frequencies were used for categorical variables. To compare the measurements before and after LT, Student t test and Mann-Whitney U tests were used depending on the data distribution. Chi-square or Fisher's exact test was used for categorical data as appropriate. A P value of <0.05 was considered statistically significant. The statistical analysis was performed using SPSS, version 20 (IBM, Armonk, NY).
Results
General characteristics of the study population before LT are shown in Table 1 . Most of the patients were male (59%), and the mean age was 46.3 ± 10.3 years. The main etiology was hepatitis C virus infection (59%); all of the patients were recruited before the therapy with the new direct-acting antivirals was broadly available in our center. Severity scores including Model for End-Stage Liver Disease (MELD), MELD-Na, and Child-Pugh were recorded as follows: 16 ± 7.5, 19.3 ± 7.1, and 8 ± 2.6, respectively. Distribution by group according to Child-Turcotte-Pugh (CTP) was A, 11%; B, 58%; and C, 31%.
In total, 27 patients were followed up for a mean of 11.6 ± 7.3 months from baseline TCD before LT to the last point available after transplantation. Standard regimen for immunosuppression consisted mainly of prednisone (ranging doses, 5-25 mg/day), tacrolimus (5-55 mg/day), and mycophenolate mofetil (250-1500 mg/day). Figure 1 shows the evolution of cerebral hemodynamics before LT and at 1, 3, and 6 months Creatinine, mg/dL 0.89 ± 0.26 Albumin, g/dL 3.0 ± 0.50 NOTE: Data are expressed as mean ± SD, median (IQR), and n (%).
after LT. The global mean velocity in the MCAs showed a clear trend toward an increase over the time after LT, particularly in postapnea velocities; this observation was closely related to the decrease in PI and resistance index (RI), both before and after apnea. These changes were evident since the first month after LT and were slightly more prominent at 6 months ( Fig. 1A-D) .
On the other hand, BHI exhibited a trend toward an increase after LT at the different time points. A further comparison concerning cerebral hemodynamics between the pre-LT and the last available time-point after LT was performed (Fig. 2) . In general, a significant increase of 22.5% and 26.3% in the mean velocity of the MCA was observed both at rest and after apnea, respectively. The most important finding in cerebral hemodynamics after LT was a decrease in the PI and RI at rest of 20.8% and 13.5% (both P <0.001) and in apnea of 16.1% and 11.5% (P = 0.004 and P = 0.005, respectively). A nonsignificant increase in the BHI was seen after LT (32.4% change; P = 0.122; Fig. 2A-D) .
Finally, we addressed the changes in cytokine levels after LT and associated them to the Doppler indices. Levels of TNF-α and IL6 showed a decrease of >60% from the baseline levels after LT, together with Original article | 1677 a decrease in the TCD parameters, compared with pre-LT measurements (Table 2) . Importantly, all patients evaluated in this study improved their neurological status, showing resolution of OHE at the final assessment after LT.
Discussion
The involvement of the brain in liver failure has been an alarming complication for the hepatologist, and it is a decisive factor related to the prognosis of patients with cirrhosis. Concerning LT, the presence of highgrade HE before transplantation has been associated with a poor outcome as well as other factors related to the pathophysiology of the disease. (9, 10) Even though the clinical spectrum of neurological complications after LT is broad, the presence of neurocognitive involvement is associated with persistent disability and poor quality of life.
In patients with cirrhosis, it is important to detect risk factors linked to the development of neurological complications after LT in order to limit the damage and improve the outcome. Using objective methods evaluating real-time and dynamic neurological changes is challenging in cirrhosis because of practical limitations. TCD allows real-time and multiple bedside evaluations in patients with cirrhosis, rendering this tool an attractive method to be used in serial evaluations before and after LT.
Our previous results regarding alterations in cerebral hemodynamics in cirrhosis show an association of PI and BHI with the severity scores (CTP and MELD), suggesting that these indices depend on the severity of cirrhosis. (2) With this background, the aim in the present study was to evaluate the reversibility of the alterations in cerebral hemodynamics in the context of resolution of cirrhosis (ie, after LT). Changes in cerebral hemodynamics were observed after the first month after LT, essentially in the indices related to arteriolar cerebral vasoconstriction (PI and RI). Even though there was a mild change showing an increase in the cerebral vascular reactivity (BHI) during the first months, this was not statistically significant. When the patients showing an altered cerebral vascular reactivity were evaluated, they displayed a slow increase in BHI through the time. This could be explained because there are different factors modulating cerebral vascular reactivity, including the use of different posttransplant medications such as steroids, prophylactic antibiotics, and antivirals, and the use of other immunosuppressive drugs including tacrolimus and everolimus that have been associated with neurological changes, most of them vascular-related. (11, 12) Examining all these variables is essential when brain dysfunction is evaluated through different methods (such as TCD) in patients with cirrhosis allocated to a transplant waiting list, in order to dissect the complex mechanisms involved, assessing the involved risk factors and giving a pathophysiologically-centered therapy.
The most prominent changes in this study were those related to cerebral vasoconstriction, showing a decrease in PI and RI after LT, which is observed from the first month of follow-up. Together with these changes, a substantial decrease in the proinflammatory markers IL6 and TNF-α was observed. Collectively, these data show that cerebral hemodynamics in cirrhosis changes according to the liver status, evidenced by higher proinflammatory markers and by the change in PI and RI after restoration of the liver function. This confirms our and other's previous observations. (13, 14) On the other hand, resolution of pre-LT HE in all patients together with a decrease in the vasoconstriction indices support the role of cerebral hemodynamics as a part of the pathophysiology of HE. In addition, to expand our knowledge of the pathophysiology of this cirrhosis-related complication, the present study shows the utility of TCD as an excellent tool in the assessment of neurological involvement in patients with cirrhosis on the waiting list for LT, allowing serial evaluations through the evolution of the disease as well as monitoring changes after orthotopic LT. On the other hand, this opens the possibility for using therapies targeting cerebral hemodynamics, and it can explain the events following acute episodes of HE triggered by different stimuli, including infections, use of diuretics, and dehydration. (15) There are some limitations of the study, including sample size, and the fact that not every patient was evaluated at the 3 different time points. Nevertheless, this is the first study showing the changes in cerebral hemodynamics before and after LT, confirming previous data suggesting an association between the extent of liver damage and the derangement in cerebral hemodynamics. This study will help to guide other studies in evaluating a more specific approach to the link between inflammation (as well as other factors) and cerebral hemodynamics, creating a protocol for serial evaluation and the proposal of new therapies. Original article | 1679
In conclusion, cerebral vasoconstriction decreases (improves) early after LT, as evidenced by lower PI and RI indices, together with improvement in HE and inflammatory markers. However, a direct association between cerebral hemodynamics and inflammation cannot be assured. This confirms the close link between liver function and cerebral hemodynamics. Further studies addressing the longterm impact of these global changes in cerebral hemodynamics as well as targeted approaches will contribute to the knowledge of neurological involvement in cirrhosis.
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